Chromosome biorientation and congression during mitosis require precise control of microtubule dynamics [1] [2] [3] [4] . The dynamics of kinetochore microtubules (K-MTs) are regulated by a variety of microtubule-associated proteins (MAPs) [4] [5] [6] [7] [8] [9] . Recently, a MAP known as HURP (hepatoma upregulated protein) was identified [10] [11] [12] . During mitosis, Ran-guanosine 5 0 -triphosphate (RanGTP) releases HURP from the importin b inhibitory complex and allows it to localize to the kinetochore fiber (k-fiber) [12, 13] . HURP stabilizes k-fibers and promotes chromosome congression [12, 14, 15] . However, the molecular mechanism underlying the role of HURP in regulating chromosome congression remains elusive. Here, we show that overexpression of the N-terminal microtubule binding domain (1-278 aa, HURP 278 ) of HURP induces a series of mitotic defects that mimic the effects of Kif18A depletion. In addition, coimmunoprecipitation and bimolecular fluorescence complementation assays identify Kif18A as a novel interaction partner of HURP. Furthermore, quantitative results from live-cell imaging analyses illustrate that HURP regulates Kif18A localization and dynamics at the plus end of K-MTs. Lastly, misaligned chromosomes in HURP 278 -overexpressing cells can be partially rescued by the overexpression of Kif18A. Our results demonstrate in part the regulatory mechanism for Kif18A during chromosome congression and provide new insights into the mechanism of chromosome movement at the metaphase plate.
Results
Overexpression of HURP 278 Increases Kinetochore Oscillation Amplitude Functional domain studies had previously revealed that overexpression of the N terminus microtubule binding domain of HURP (hepatoma upregulated protein) (1-280 aa, HURP 280 ) led to a series of mitotic defects including misaligned chromosomes [16] . Coincidently, overexpression of our N-terminal fragment of HURP HURP 278 ; see Figure S1A available online) also induced similar mitotic defects (Figures S1B-S1E), as seen in the HURP 280 -overexpressing cells [16] . To better understand the mechanism by which HURP 278 overexpression induced these mitotic defects, we observed, using live-cell imaging, that HeLa cells overexpressing HURP 278 in the prometaphase required 104 min to enter anaphase, whereas this process took less than 20 min in control cells, suggesting that overexpression of HURP 278 resulted in a mitotic delay ( Figure 1A ). This observation was consistent with cell-cycle profiles analyzed by flow cytometry that HURP 278 -overexpressing cells exhibited an increased G2/M index compared to the GFP vector (control) or full-length HURP-overexpressing cells (Figures S1F-S1H) .
Interestingly, the aligned chromosomes in HURP 278 -overexpressing cells were found to occasionally oscillate away from the spindle equator during the prometaphase to metaphase stage ( Figure 1A , HURP 278 , 0:08-0:24 min, arrowheads) and the onset of anaphase ( Figure 1A , HURP 278 , 1:52-2:20 min, arrowheads). These phenomena could be a result of defective chromosome movement in HURP 278 -overexpressing cells. Chromosome movement during mitosis is powered by the synergistic regulation of motor proteins and kinetochore microtubule (K-MT) dynamics [5-7, 9, 17] . In addition, chromosomes keep moving back and forth even after they are eventually aligned to spindle equator, a behavior known as chromosome oscillation [2, 18] .
We next assessed whether the transiently misaligned chromosomes observed in HURP 278 -overexpressing cells were a result of defective chromosome oscillation. To test this possibility, we quantified the kinetochore oscillation amplitude (KOA) by expressing a kinetochore marker, GFP-Hec1 [19] . Interestingly, the KOA in HURP 278 -overexpressing cells was significantly larger compared to control cells (Figures 1B and 1C; Movie S1; Movie S2). Specifically, the average KOA was approximately 0.63 6 0.003 mm in control cells ( Figure 1D , left), whereas in HURP 278 -overexpressing cells, the average KOA increased 2.49-fold to 1.57 6 0.008 mm ( Figure 1D , right).
To further delineate the role of HURP in regulating chromosome oscillation, we quantified the switching rate of kinetochore oscillation direction and the velocity of kinetochore movement as described previously [17] . On average, the switching rate of kinetochore oscillation direction in control cells and in HURP 278 -transfected cells was 1.71 6 0.029 times/min and 1.16 6 0.029 times/min, respectively ( Figure 1E) . Furthermore, the average velocity of kinetochore movements was significantly increased in HURP 278 -transfected cells (2.78 mm/min) compared to control cells (1.93 mm/min) (Figure 1F ). These data suggest that the increased KOA observed in HURP 278 -overexpressing cells stemmed from the combined effects of the decreased switching rate of kinetochore oscillation direction and an increased kinetochore movement velocity.
HURP Binds Kif18A and Modulates Its K-MT Plus-End Localization
The chromosome oscillation and mitotic defects observed in HURP
278
-overexpressing cells (Figure 1 ; Figures S1B-S1E) highly resemble the phenotypes identified previously in Kif18A-depleted cells [8, 17] . Kif18A is a processive microtubule plus-end-directed motor that controls chromosome oscillation and congression by modulating the plus-end dynamics of K-MTs via its microtubule depolymerase activity [8, 17, [20] [21] [22] . It is therefore of interest to study the potential relationship between HURP and Kif18A to understand their roles in regulating chromosome oscillation during chromosome congression.
Similar to HURP, Kif18A localized to the plus end of K-MTs in a comet-like gradient pattern (Figure 2A, top) [8, 12, 15, 17] . We first asked whether the K-MT localization of Kif18A is regulated by HURP. In control small interfering RNA (siRNA) cells, GFPKif18A localization gradient overlapped with endogenous HURP (Figure 2A, top) , as well as the signal intensity of GFPKif18A gradient shown by line scan profile ( Figure 2B, top) . In contrast, in HURP depleted cells, the gradient localization pattern of GFP-Kif18A was markedly abolished (Figures 2A  and 2B , bottom) and displayed a dot-like localization pattern on the plus end of K-MTs (Figure 2A, bottom) . On the other hand, knocking down of HURP did not affect the localization of other MT tip proteins such as EB1 and CLIP170 ( Figures  S2A-S2D ), indicating the specificity of the interaction between HURP and Kif18A on the plus end of K-MTs. In addition, overexpression of HURP 278 markedly disrupted the microtubule K-MTs plus-end accumulation of Kif18A ( Figure 2C ), which distributed throughout the entire K-MTs ( Figure 2C ). Taken together, these results suggest that the localization pattern of Kif18A on K-MTs is highly dependent on HURP.
We next examined whether Kif18A can associate with HURP. As shown in Figure 2D , both FLAG-HURP and FLAG-HURP 278 , but not FLAG-vector control, can pull down endogenous Kif18A. Furthermore, to confirm the interaction between HURP and Kif18A in vivo, we utilized the bimolecular fluorescence complementation (BiFC) assay [23, 24] . Visualization of Venus signal in the BiFC assay indicates a direct interaction between the two proteins in vivo [25, 26] . To this end, HURP and Kif18A were fused with the nonfluorescent Venus-C (VC) and -N (VN) fragments, respectively ( Figure S2E ), and cotransfected into HeLa cells ( Figure 2E) . Notably, only VC-HURP and VN-Kif18A coexpressed cells generated Venus fluorescence signals but not the controls ( Figure 2E ). In addition, the signal intensity of Venus reached the highest level at the plus end of K-MTs ( Figure 2E ), indicating that HURP interacts directly with Kif18A at the plus end of K-MTs in vivo.
To identify the Kif18A binding domain of HURP, we constructed additional HURP fragments and deletion mutants ( Figure S2F ) and performed coimmunoprecipitation (coIP) assays ( Figure 2F ; Figure S2G ). As shown in Figure 2F , deletion of the 173-360 aa region in HURP (HURP D173-360 ) markedly abolished the interaction between Kif18A and HURP, suggesting that this domain is responsible for the interaction between these two proteins.
Overexpression of HURP Reduces the Microtubule Plus-End Dynamics of Kif18A
We next hypothesized that the interaction between these two proteins may affect Kif18A dynamics at the plus end of K-MTs. To test this, we performed fluorescence recovery after photobleaching (FRAP) analysis to quantify the dynamics of GFP-Kif18A at the plus end of K-MTs (Figures S3A and S3B ; Figure 3A ). Normalized intensity was fitted into a constrained exponential curve ( Figure 3B ) to calculate the recovery halflife (T 1/2 ) of GFP-Kif18A ( Figure 3C ). Compared to the T 1/2 of 12.3 s in control cells ( Figure 3C ), a significantly increased half-life of Kif18A was found in mCherry-HURP-overexpressing (21.4 s) and mCherry-HURP 278 -overexpressing (19.9 s) cells, suggesting a decreased turnover rate of GFP-Kif18A in these two cells. On the other hand, the T 1/2 of GFP-Kif18A in mCherry-HURP D173-360 overexpressing cells (11.5 s) was similar to that of control cells (12.3 s) , suggesting that overexpression of mCherry-HURP D173-360 , which is incapable of interaction with Kif18A, has little effect on the turnover rate of GFP-Kif18A (Figures 3B and 3C) .
To dissect the specific role of HURP in the regulation of Kif18A dynamics from its known MT stabilization function, we next asked whether the deletion of Kif18A binding domain would affect the MT stabilization function of HURP. To answer this question, we performed fluorescence loss in photobleaching (FLIP) assay to monitor the turnover rate of GFP-a-tubulin in U2OS cells stably expressing GFP-a-tubulin ( Figure S3A ). Overexpression of mCherry-HURP 278 or mCherry-HURP D173-360 exhibited an increased MT stabilization effect, similar to mCherry-HURP overexpression (Figure 3D) , because the turnover rates (T 1/2 ) of GFP-a-tubulin measured were approximately 162.9 s, 156.7 s, and 164.33 s, respectively, in these cells compared to that of control cells (123.6 s) ( Figure 3E ). Taken together, the FRAP and FLIP analyses demonstrate that the role of HURP on Kif18A is independent from its MT binding and stabilizing function, because HURP D173-360 deletion mutant still retains a similar MT stabilization ability to that of HURP and HURP
278
, even though its ability to bind Kif18A and regulate Kif18A dynamics was abolished.
Because Kif18A is a MT plus-end-directed processive motor, the reduction of Kif18A dynamics on MT plus end may be due to the decrease of its movement velocity in the presence of excessive HURP. To verify this idea, we constructed photoactivatable GFP (PAGFP)-Kif18A to study its MT plus-enddirected movement by generating time-lapse kymographs ( Figures 3F-3I ). The line scan profile showed that photoactivated PAGFP-Kif18A rapidly accumulated toward the plus end of K-MTs over time in control cells and in mCherry-HURP D173-360 -overexpressing cells (Figures 3F and 3I ; Movie S3). In contrast, in mCherry-HURP-or mCherry-HURP 278 -overexpressing cells, the line scan profiles did not show a significant difference from 0 to 170 s (Figures 3G and 3H ; Movie S3), indicating that the time-dependent accumulation of PAGFPKif18A toward the plus end of K-MTs occurred at a much slower rate. In addition, fluorescence dissipation after photoactivation (FDAPA) analyses were performed to quantify the dynamics of Kif18A at the plus end of K-MTs ( Figure S3C ), and the half-lives (T 1/2 ) of PAGFP-Kif18A fluorescent signal loss in photoactivated area were quantified ( Figures S3D and S3E) . The results were consistent with that of FRAP assay and further support our hypothesis that HURP regulates Kif18A dynamics at the plus end of K-MTs by controlling its movement velocity toward K-MT plus end.
Kif18A Overexpression Partially Rescues Lagging Chromosomes Phenotype in HURP
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expression levels of HURP 278 (green dots in Figure S4A ), suggesting that a higher level of HURP 278 is expressed the more Kif18A is sequestered at the K-MTs and is more likely to result in chromosome congression defects. Notably, we observed two types of lagging chromosomes in HURP 278 -overexpressing cells. Quantitative analysis showed that 30.8% of HURP 278 -overexpressing cells contained moderate lagging chromosomes, which locate close to the aligned chromosomes at the metaphase plate and could realign to the metaphase plate over time (Figures 4A-4C ; Movie S4), whereas 25.9% of HURP 278 -overexpressing cells contained the severe lagging chromosomes, which cluster around the spindle poles away from the spindle equator but remain near the spindle poles over time (Figures 4A-4C ; Movie S4).
To test the specificity of HURP 278 on Kif18A, we performed rescue experiments by introducing ectopic Kif18A protein into HURP 278 -overexpressing cells. As shown in Figure 4C , co-overexpression of GFP-Kif18A with FLAG-HURP 278 significantly reduced the percentage of moderate lagging chromosomes from 30.8% to 15.3%, compared to that in HURP 278 -overexpressing cells ( Figure 4C ). This suggests that the moderate lagging chromosome phenotypes observed in HURP 278 -overexpressing cells were caused by insufficient Kif18A at the plus end of K-MTs, resulting in increased chromosome oscillation amplitude and a series of mitotic defects mimicking Kif18A-knockdown phenotype. On the other hand, overexpression of HURP D173-360 (Kif18A binding motif deletion mutant) had little effect on the MT plus-end accumulation of GFP-Kif18A compared to the control cell ( Figure S4B) . Importantly, the quantitative results displayed 14.1% of HURP D173-360 -overexpressing cells containing moderate lagging chromosomes, similar to the cells co-overexpressed with GFP-Kif18A and FLAG-HURP 278 . These results strongly suggest the specificity of Kif18A regulation by HURP, which is manifested in the occurrence of moderate lagging chromosomes when normal Kif18A and HURP function at the K-MT is perturbed. In addition, overexpression of HURP D173-360 significantly reduced the percentage of cells with severe lagging chromosome phenotypes, suggesting that other domains of HURP may have regulatory roles in chromosome congression.
Discussion
The activities of motor proteins and microtubule-associated proteins (MAPs) synergistically modulate the dynamics of K-MT and chromosome movement to ensure proper chromosome congression during mitosis for faithful segregation of genetic material [4] [5] [6] [7] [8] [9] . HURP, a novel RanGTP-targeted MAP, bundles and stabilizes k-fibers to facilitate kinetochore capture [12, 13, 15] . The depletion of HURP leads to misaligned chromosomes and mitotic delay [15] , suggesting a vital role of HURP in regulating chromosome congression. However, the mechanism by which HURP regulates chromosome congression is poorly understood. Here, we present a novel mechanism in which HURP controls chromosome congression by modulating the function of a microtubule plus-end depolymerase, Kif18A at the K-MTs [21] .
The N-terminal microtubule binding domain of HURP, HURP 278 , when overexpressed, constitutively binds to the entire K-MTs and induces mitotic defects mimicking the phenotypes of Kif18A depletion (Figure 1; Figures S1A-S1E ). This led us to identify Kif18A as a novel interaction partner of HURP ( Figures 2D and 2E ). This interaction ensures proper localization of Kif18A and the regulation of its dynamics at the plus end of K-MTs (Figure 2A ; Figure 3 ). The overexpression of HURP or HURP 278 compromises the rapid microtubule plus-end-directed accumulation of Kif18A at the K-MTs (Figure 2C ; Figure 3H ). The deficiency of Kif18A at the plus-end tips of K-MTs in turn results in an increase of chromosome oscillation amplitude due to a decrease of kinetochore oscillation direction switching rate and an increase of kinetochore movement velocity (Figures 1C-1F) . Thus, lack of Kif18A at the plus end of K-MTs in HURP 278 -overexpressing cells induces defective chromosome congression leading to a delay in mitosis ( Figure 1A) .
We suggest that the k-fiber localization and/or protein expression levels of HURP/HURP 278 may play a pivotal role in regulating Kif18A dynamics and counter for the severity of mitotic defects. Based on these findings, a regulatory mechanism for Kif18A function at the K-MTs in maintaining proper chromosome congression is proposed ( Figure 4D ). In normal condition, the association between HURP and Kif18A creates a comet-like gradient pattern of Kif18A at the plus-end tip of K-MTs at the k-fibers ( Figure 4D, left) . On the other hand, abnormally regulated HURP/HURP 278 affects the proper plus-end tip accumulation of Kif18A at the K-MTs ( Figure 4D , right). This in turn results in a series of mitotic defects including misaligned chromosomes due to reduced Kif18A microtubule plus-end depolymerase activity.
In summary, we describe for the first time a potential regulatory mechanism for Kif18A function at the K-MTs in regulating chromosome movement and congression during mitosis. Figure S3A . A 3.5 3 3.5 mm 2 square region of interest (ROI) was placed on the middle of the mitotic spindle ( Figure S3B ) and photobleached with a 405 nm laser. Images were acquired in a 4 s interval. The recovery of GFP-Kif18A signal intensity in the ROI was measured. Data were collected from five independent experiments (n = number of mitotic cells quantified). Error bars represent 6SEM. Previous studies have shown that HURP forms a protein complex with other proteins important for mitotic spindle assembly including TPX2, XMAP215 (TOGp), Eg5, and Aurora A [11, [27] [28] [29] [30] [31] . Hence, understanding the role of HURP and its k-fiber complex would provide important new insights into the mechanism of mitotic spindle formation and chromosome congression.
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